ML. Reduced BDNF attenuates inflammation and angiogenesis to improve survival and cardiac function following myocardial infarction in mice. Am J Physiol Heart Circ Physiol 305: H1830 -H1842, 2013. First published October 18, 2013 doi:10.1152/ajpheart.00224.2013.-Brain-derived neurotrophic factor (BDNF) increases in failing hearts, but BDNF roles in cardiac remodeling following myocardial infarction (MI) are unclear. Male BDNF ϩ/ϩ [wild-type (WT)] and BDNF ϩ/Ϫ heterozygous (HET) mice at 6 -9 mo of age were subjected to MI and evaluated at days 1, 3, 5, 7, or 28 post-MI. At day 28 post-MI, 76% of HET versus 40% of WT survived, whereas fractional shortening improved and neovascularization levels were reduced in the HET (all, P Ͻ 0.05). At day 1, post-MI, matrix metalloproteinase-9, and myeloperoxidase (MPO) increased in WT, but not in HET. Concomitantly, monocyte chemotactic protein-1 and -5 levels increased and vascular endothelial growth factor (VEGF)-A decreased in HET. Neutrophil infiltration peaked at days 1-3 in WT mice, and this increase was blunted in HET. To determine if MPO administration could rescue the HET phenotype, MPO was injected at 3 h post-MI. MPO restored VEGF-A levels without altering matrix metalloproteinase-9 or neutrophil content. In conclusion, reduced BDNF levels modulated the early inflammatory and neovascularization responses, leading to improved survival and reduced cardiac remodeling at day 28 post-MI. Thus reduced BDNF attenuates early inflammation following MI by modulating MPO and angiogenic response through VEGF-A.
circulating BDNF levels in middle-aged and elderly adults increase the risk of high blood pressure and cardiometabolic dysfunction. BDNF-deficient mice are perinatally lethal, highlighting its importance (14, 17, 39, 40) .
Following myocardial infarction (MI), neovascularization is necessary for repair of the left ventricle (LV) and stabilization of the infarct scar. In other organs, BDNF has been shown to stimulate the formation of new vessels by increasing vascular endothelial growth factor (VEGF) (36) . VEGF-A initiates the post-MI angiogenic response (45) . Exogenous VEGF, however, only stimulates the formation of fragile and malformed vessels, indicating that VEGF is not sufficient for a complete angiogenic response (13) . BDNF null mice are postnatal lethal due to an impaired endothelial cell adhesion that leads to cardiac hemorrhage (12) , indicating a role of BDNF in angiogenic processes.
BDNF pretreatment increases the infarct area in old, but not young, rats (5) . In the Dahl salt-sensitive rat model of heart failure, 40 days of a high-salt diet increased BDNF levels, suggesting a role for this neurotrophic factor in the failing heart (25) . BDNF roles post-MI, however, have not been evaluated. We used male wild-type (WT) and BDNF heterozygous (HET) mice to temporally investigate BDNF roles in the inflammatory and neovascularization responses to MI.
MATERIALS AND METHODS
Mice. All animal procedures were conducted according to the Guide for the Care and Use of Laboratory Animals (8th ed.) and were approved by the Institutional Animal Care and Use Committees at the University of Texas Health Science Center (San Antonio, TX).
We used 6-9-mo-old C57BL/6 WT (n ϭ 71) and BDNF HET (n ϭ 76) littermate mice. Control day 0 WT (n ϭ 11) and HET (n ϭ 11) mice were used as naïve controls. Only male mice were used in this study, and all groups had similar ages. To induce MI, the mice were anesthetized with 2% isoflurane and the left anterior descending coronary artery was permanently ligated using minimally invasive surgery as previously described (44) . To reduce post-MI surgical pain, buprenorphine (0.1 mg/kg ip) was given immediately after the ligation.
Measurements of body composition. Before surgery, at day 0, the whole body composition analysis was conducted using quantitative magnetic resonance (QMR) instrument (Echo Medical System, Houston, TX), which uses nuclear magnetic resonance to reliably and accurately analyze the physical state of the tissue (41) . QMR provides an estimate of total body fat, lean mass, and free water. To perform the QMR analysis, the mice were immobilized in a plastic restrainer tube (without sedation) and placed in the QMR machine. Scanning took less than 2 min per mouse.
Post-MI survival analysis. The mice were checked daily for the survival analysis. At autopsy, cardiac rupture was confirmed if there were blood clots in the thoracic cavity and the LV rupture site was seen.
Echocardiographic measurements. For the echocardiography analysis, 0.8 -1.0% isoflurane in a 100% oxygen mix was used to anesthetize the mice. Electrocardiograms and heart rates were monitored using a surface electrocardiogram. Images were acquired using the Vevo 770 high-resolution in vivo imaging system (Visual Sonics) and were taken at heart rates Ͼ 400 beats/min to achieve physiologically relevant measurements. Measurements were taken from the twodimensional parasternal long-axis and short-axis (m mode) recordings from the midpapillary region. Echocardiographic studies were performed before death for day 0 control mice and for days 1, 3, 5, 7 , and 28 post-MI mice. For each variable, three images from consecutive cardiac cycles were measured and averaged.
Proteomic profiling of plasma analytes. At necropsy, the heparinized blood was collected from carotid artery of anesthetized mice and centrifuged for 5 min to obtain plasma. Plasma samples (80 l) were analyzed by the RodentMAP version 2.0 Antigens (Myriad RBM), and concentrations of 58 analytes were measured by a Clinical Laboratory Improvement Amendments certified biomarker testing laboratory using reproducible, quantitative, multiplexed immunoassays (8) . Plasma analyte values below the limit of detection were excluded from the results.
Necropsy and infarct area analysis. At days 1, 3, 5, 7 , or 28 post-MI, the mice were euthanized under isoflurane, and the heart and lung were removed. The left and right ventricles were separated and weighed individually. The LV was divided into apex, midcavity, and base. All three LV sections and the right ventricle were stained with 1% 2,3,5-triphenyltetrazolium chloride (Sigma) and photographed for infarct area determination by using Adobe Photoshop CS5 (64 bit) software. Infarct (LVI) and remote (LVC) regions were separated from the apex and base sections and were individually snap frozen and stored at Ϫ80°C. The mid cavity section was fixed in 10% zinc-formalin and paraffin-embedded for histological examination. The lung mass and tibia were removed, and the wet and dry weights of lungs and the tibia length were determined.
LV protein extraction, BDNF immunoblotting, and ELISA. Total protein was extracted by homogenizing the LV infarct area in protein extraction reagent type 4 (7 M urea, 2 M thiourea, 40 mM Trizma base and the detergent 1% C7BzO; Sigma) and 1ϫ protease inhibitor cocktail (Roche). Protein concentrations were determined by the Quick Start Bradford Protein Assay (Bio-Rad). Protein expression levels were quantified by immunoblotting using the following antibodies: matrix metalloproteinase-9 (MMP-9; Abcam, Ab38898, 1:1,000) and BDNF (Abcam, Ab46176, 1:1,000). Total protein (7.5 or 10 g) for all samples was Histology. After necropsy, the LV midcavity section was embedded in paraffin, sectioned at 5 m, and stained using hematoxylin and eosin for routine assessment. For neutrophils, macrophages, and blood vessel immunohistochemistry, paraffin-embedded 5-m sections were deparaffinized in Citrisolve (Thermo Fisher Scientific) and rehydrated through graded ethanol. Heat-mediated antigen retrieval was performed to expose antigen epitopes (Target Retrieval Solution, Dako S1699). Sections, blocked with normal rabbit serum, were incubated with rat anti-mouse neutrophils (CL 8993AP, clone 7/4, (2) . Neutrophils, macrophages, and endothelial cells staining were followed with the Vectastain Elite ABC kit (6104; Vector). For neutrophil and macrophage staining, five to six images per slide were acquired from the infarcted area. For GSL-1 staining, five to six images per slide were captured from the infarcted and remote areas. All images were subjected to image analysis using Image-Pro analyzer software 7.0 by an independent operator that was blinded to groups (E. F. Lopez).
Body weight (g)
RT 2 profiler inflammatory PCR array. RNA extraction was performed using TRIzol reagent (15596, Invitrogen) following the manufacturer's protocol. RNA levels were quantified using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Reverse transcription of equal RNA content (0.5 g) was performed using the RT 2 first-strand kit (330401, Qiagen). Real-Time RT-PCR gene array for inflammatory cytokines and receptors (PAMM-011A, Qiagen) was performed to quantify gene expression levels. The gene levels were normalized to hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1) gene as the housekeeping gene, and the results are reported as 2
Ϫ⌬Ct values ϫ 1,000 for inflammatory genes. To find out targeted genes based on the temporal expression profiles, a biclustering method was used to interpret the inflammatory array data set. The biclustering method categorizes matrixes of expression data into submatrixes based on similarities. These submatrixes represent the subset of genes and the subset of conditions that have high similarity scores (7). Unlike a normal clustering algorithm that uses the similarity of pairs of gene over all conditions, the biclustering algorithm evaluates the coherent similarity of both genes and conditions at the same time, simultaneously clustering the genes and conditions (29) .
At each time point, we calculated the fold change of a gene by normalizing the expression level of the genes to the average value of the gene at day 0. The biclustering algorithm was applied to identify the most significant genes for both WT and HET groups. Venn diagrams were constructed by examining the intersection of the identified significant gene sets for WT and HET in the remote (LVC) and infarct (LVI) areas.
Post-MI myeloperoxidase administration. Male HET mice (n ϭ 6) were subjected to coronary ligation and myeloperoxidase (MPO) injection. At 3 h after coronary ligation, MI was confirmed by echocardiography and murine MPO (catalog no. 3667-MP, R & D systems) was injected (1 mg/kg body wt ip). Mice were euthanized at 24 h post-MI, heparinized plasma was subjected to proteomic profiling, and the LV midcavity was examined for neutrophils by immunohistochemistry.
Statistical analyses. Data are presented as means Ϯ SE. Multiple group comparisons were performed using the one-way ANOVA, followed by the Student-Newman-Keuls test. The 28 day survival rate was presented as the cumulative Kaplan-Meier survival curve and analyzed by log-rank test. For gene expression results, post-MI remote and infarct expressed genes were normalized with respective day 0 control, and WT and HET genes are presented as Venn diagrams. GraphPad Prism was used for statistical analysis, and P Ͻ 0.05 was considered statistically significant. 
Values are means Ϯ SE; n indicates sample size. EDD, end-diastolic dimension; ESD, end-systolic dimension; FS, fractional shortening; HR, heart rate; IWT, infarct wall thickness in systole. *P Ͻ 0.05 vs. day 0 wild-type (WT) control; †P Ͻ 0.05 vs. day 0 heterozygous (HET) control; ‡P Ͻ 0.05, WT vs. HET. 
RESULTS
Active BDNF increased in the infarct region. Extracellular proteases cleave pro-BDNF form into an active mature BDNF form (38) . To evaluate the time course of BDNF activity in the infarcted LV at days 1, 3, 5, or 7 post-MI, we used an anti-BDNF antibody that recognizes a 28-kDa proform and 16-kDa active form of BDNF under reducing conditions. Pro-BDNF levels did not change through day 3 post-MI and significantly decreased at days 5 and 7 post-MI in WT. Active BDNF significantly increased at day 1, 3, and 5 post-MI and returned toward day 0 values by day 7 (Fig. 1, A-C) . The increase in mature BDNF occurred during the inflammatory phase following MI. Furthermore, we also examined total BDNF levels in the WT and HET mice at day 0 and all post-MI time points. The HET mice showed lower BDNF levels compared with WT littermates (Fig. 1D) .
HET mice are overweight but show increased post-MI survival and improved LV function. Rios et al. (39) have reported that partial loss of the bdnf gene in HET mice results in weight gain in adulthood because of increased caloric intake. We confirmed by whole body composition analysis using QMR that at baseline HET mice (n ϭ 20) had 46% enhanced fat mass compared with WT mice (n ϭ 24). Body weight and fat mass increased in HET mice (P Ͻ 0.05 for both) without an increase in lean mass or water content (Fig. 2, A-C) .
During the 28-day post-MI period, WT mice had a survival rate of 40% (8 of 20 mice), whereas HET mice had a survival rate of 76% (13 of 17 mice; P Ͻ 0.05; Fig. 2D ). In the WT group, 58% of the deaths (7 of 12) were due to cardiac rupture, whereas in the HET group, 50% of the deaths (2 of 4) were due to rupture (P ϭ not significant). Nonrupture-related deaths, likely the result of heart failure or arrhythmias, accounted for 42% of the deaths (5 of 12) in the WT mice and 50% of the deaths in the HET mice (P ϭ not significant). The 24-h perioperative mortality rates were similar between WT and HET groups for all individual time points examined and ranged from 10 -15% for each group per time point.
Echocardiographic data from the surviving mice at days 1, 3, 5, 7, and 28 post-MI showed significant increases in end-diastolic and -systolic dimensions with reduced infarct wall thickness in both WT and HET mice (Table 1) . At day 28 post-MI, the extent of LV dilation and decline in fractional shortening was improved in HET mice, compared with WT mice (both P Ͻ 0.01). These data indicate that reduced BDNF levels in HET mice limited adverse remodeling in response to MI.
Reduced post-MI LV hypertrophy and pulmonary edema in HET mice. Infarct area analysis for the WT and HET mice at days 1, 3, 5, 7 , and 28 post-MI showed that infarct areas did not differ by time or genotype, indicating that all mice received a similar ischemic injury (Table 2 and Fig. 2E ). An increase in post-MI LV mass and LV mass normalized to tibia indicate LV hypertrophy, whereas an increase in lung wet weight and right ventricle masses are indexes of pulmonary edema. As shown in Table 2 , the LV mass to body weight ratio increased in WT mice, and this increase was significantly reduced in the HET mice (P Ͻ 0.05). Right ventricle and lung mass to body weight ratios were significantly increased in WT mice compared with HET mice at day 28 post-MI (P Ͻ 0.05 all). The necropsy analysis of right ventricle, LV, and lung mass to body weight d1 d3 d5 d7 d28 ratios indicated reduced post-MI LV hypertrophic response and pulmonary edema in the HET post-MI mice. Plasma proteomic profiling revealed reduced inflammatory markers in HET mice. We used plasma proteomic profiling to gain mechanistic insight into how a reduction in BDNF levels could translate to improved outcomes post-MI. Out of 58 analytes examined, 27 were statistically different between the WT and HET mice for any of the time points examined. Of these, 24 were increased and 3 were decreased in the HET mice (Fig. 3) . At day 0, endothelin-1 was the only analyte significantly reduced in HET mice compared with WT mice (P Ͻ 0.05).
At day 1 post-MI, MMP-9, MPO, and VEGF-A levels all increased from day 0 values in WT mice, and these increases were attenuated in the HET mice (Fig. 4, A and B; both P Ͻ 0.05). Likewise, monocyte chemotactic protein (MCP)-1 and -5 levels were both elevated from day 0 values in WT mice, but levels were further increased in the HET mice (Fig. 4, C and D; both P Ͻ 0.05). These results suggest that reduced BDNF attenuated the early inflammatory response. Elevated MCP-1 could improve post-MI wound healing by signaling an earlier monocyte recruitment into the infarcted LV to stimulate the phagocytosis of dead cardiomyocytes (43) .
Reduced BDNF delayed post-MI neutrophil infiltration into the infarct region. Neutrophil infiltration is a primary early response in post-MI wound healing (19) . As expected from plasma MPO and MMP-9 levels, post-MI neutrophil infiltration was robust in the WT infarct area, peaking at days 1-3 (Fig. 5, A and B) . The rate of neutrophil infiltration in HET mice was significantly impaired at day 1 but caught up to WT levels by day 3 post-MI. Of interest, neutrophils were essentially cleared from the infarct area by day 7 post-MI in the HET mice, whereas a small number of neutrophils persisted in the WT mice. The neutrophil is the major source of MPO and MMP-9 early post-MI, and the delayed infiltration of neutrophils in the infarcted area of HET mice is consistent with the reduced plasma MMP-9 and MPO levels observed in the plasma. Reduced levels of BDNF, therefore, delayed the initial neutrophil infiltration but stimulated an earlier clearance of neutrophils.
Reduced BDNF increased post-MI macrophage infiltration into the infarct region. Neutrophil infiltration is followed by macrophage entry into the infarcted area, which serves to engulf necrotic myocytes and apoptotic neutrophils (18) . In WT mice, macrophages infiltrated into the LV at days 3-7 post-MI, with a peak in infiltration rates seen at day 5 post-MI (Fig. 6, A and B) . The HET mice showed a similar kinetic time pattern, but peak macrophage numbers were higher at day 5 compared with WT. By day 28 post-MI, macrophages were effectively cleared from the infarcted area of both WT and HET mice. The increased infiltration of macrophages at day 5 in the HET mice is consistent with the increased plasma levels of MCP-1 and -5 at day 1 post-MI.
Reduced BDNF promoted the expression of macrophage recruitment factors in the post-MI LV. Optimal post-MI wound healing requires the coordinated biphasic inflammatory response comprised primarily of neutrophil and macrophage infiltration (19, 33) . Post-MI, 24 out of the 84 inflammatory genes examined were modified, as shown in the venn diagrams (Fig. 7) .
At day 1 post-MI, the WT LVI showed increased Cxcl5 expression, consistent with stimulated neutrophil recruitment in the infarct region. Interestingly, the day 1 HET LVI showed enhanced expression of several additional factors, including Ccl2, Ccl3, Ccl4, Cxcl1, Il1b, Il11, and Il8rb, compared with both day 1 WT and day 0 HET controls. The enhanced expression of Ccl2, Ccl3, Ccl4, and Cxcl1 would stimulate an earlier recruitment of monocytes and explain the increased numbers of macrophages at day 5 in the HET LVI. As shown in the Venn diagram at day 5 post-MI, WT LVI showed increased levels of two inflammatory genes compared with day 0 controls, and these genes were Ccr3 and Ccr5 (Fig. 7) . In contrast, the HET LVI showed higher expression of Ccl4, Ccl17, Il11, Il1b, and Il8rb, as well as lower expression of Cxcl1. Decreased Cxcl levels in the HET LVI suggest a feedback loop to lower macrophage influx, and higher Ccl17 levels promote the resolution of inflammation (Fig. 7) . This divergent inflammatory gene expression in the HET LVI is consistent with the reduced neutrophil influx, higher macrophage recruitment, and reduction in plasma inflammatory analytes such as MCP-1 and MCP-5 seen at day 1 post-MI.
At day 28 post-MI, inflammatory gene expression in the WT LVI returned to baseline for the most part, with only Ccr6 showing increased levels compared with day 0 WT controls. In the HET LVI, however, several inflammatory genes were elevated compared with day 0 HET and day 28 WT LVI controls, including Ccl6, Ccl12, Ccl17,Ccr3, Cxcl1, Cxcl10, Pf4, Il10, Il11, Il1b, and Itgam, whereas Ccl7, Ccr1 and Il8rb were lower in the day 28 HET LVI compared with day 28 WT LVI.
Reduced BDNF decreases post-MI neovascularization.
To evaluate whether BDNF alters the angiogenic response post-MI, histological sections were stained with Griffonia simplicifolia lectin-1 (GSL-1) to detect blood vessel density. When compared with WT, the HET LVs showed an almost 50% reduction in vessel density at day 0 (Fig. 8, A and B) . In response to MI, vessel density decreased in the remote region of the WT LV compared with day 0 controls, with levels falling toward what were seen in the HET. In contrast, vessel densities increased in the WT infarct regions post-MI. At days 7 and 28 post-MI, vessel densities in the infarct region were significantly lower in HET mice compared with WT counterparts (Fig. 8, C and D in the infarct region of WT mice, and this increase was attenuated in the HET mice (Fig. 9, A and B) . These results indicate that reduced BDNF levels likely reduce MMP-9 levels at day 1 post-MI by delaying neutrophil infiltration.
MPO administration partially rescued the BDNF HET phenotype by increasing VEGF-A and reducing vascular endothelial cell adhesion molecule-1 levels.
Because the HET mice showed reduced MPO expression levels at day 1 post-MI, we evaluated whether exogenous MPO administration could rescue the BDNF phenotype. We administered MPO (1 mg/kg ip) to the HET mice at 3-h post-MI. As expected, MPO injection in the HET mice increased MPO levels (Fig. 10D) , indicating that the MPO injected at 3 h was still present at day 1 post-MI. Exogenous MPO administration did not stimulate neutrophil infiltration into the infarct area, as neutrophil numbers remained significantly lower than WT levels at day 1 post-MI (Fig. 10, A and B) . Administration of MPO also did not increase MMP-9 levels or lower MCP-1 and MCP-5 levels (Fig. 10C) . MPO administration, however, increased VEGF-A and reduced vascular endothelial cell adhesion molecule-1 (Fig. 10, E and F) . Additionally, there was no significant difference in day 1 post-MI LV functional outcomes in WTand MPO-treated HET mice. These results suggest that BDNF effects on MPO levels serve to primarily affect VEGF-A and vascular endothelial cell adhesion molecule-1, which are important neovascularization factors.
DISCUSSION
BDNF increases in heart failure patients, but whether BDNF has roles in post-MI remodeling has not been explored. The goal of this study, therefore, was to determine whether reduced BDNF levels would modify the LV response to MI. The major findings of this study were that active BDNF is robustly induced post-MI and that reduced BDNF levels 1) improved post-MI survival and attenuated LV remodeling, 2) decreased the inflammatory response by reducing neutrophil infiltration and enhancing macrophage infiltration, and 3) reduced the angiogenic response to MI. The exogenously administered MPO stimulated VEGF-A in the post-MI setting. Together, our findings demonstrate a net negative chemotactic role for BDNF in early post-MI LV remodeling (Fig. 11) . This is the first report to document the post-MI time course of BDNF. BDNF is cleaved extracellularly by the serine protease plasmin and by MMP-3 to generate an active mature 14-kDa form (26) . Active BDNF elevated in the infarct region significantly at earlier time points examined. This finding is consistent with the previous report by Eriji and colleagues (15) , who showed that that macrophages, ␣-smooth muscle cells, and fibroblasts are major sources of BDNF in the atherosclerotic plaques in humans. The fact that BDNF remained elevated through days 1-5 post-MI indicates that it likely serves chemotactic role in early LV remodeling.
MI induces a robust inflammatory response that involves leukocyte recruitment (18) , and reduced BDNF altered several aspects of the inflammatory response. Infiltrating neutrophils are an early source of locally active MMP-9 and MPO, and both of these factors were reduced in the HET mice (3, 28) . Following MI, the early induction of Cxcl5 in WT mice may stimulate recruitment of neutrophils and Ly-6C hi monocytes to delay wound healing (11, 34, 42) . Macrophage infiltration serves to remove necrotic myocytes and apoptotic neutrophils, a necessary component of the wound healing response. Morimoto and colleagues (31) showed that cardiac overexpression of MCP-1 induced macrophage infiltration and stimulated the accumulation of cardiac myofibroblasts, resulting in the attenuation of LV dysfunction and remodeling post-MI. Reduced BDNF levels increased Ccl2 gene expression at day 1 and enhanced macrophage numbers at day 5 post-MI, indicating the one role of BDNF is to stimulate increased MCP-1 levels. Overall, our results suggest that reduced BDNF levels modify the biphasic inflammatory response by decreasing neutrophil recruitment and increasing macrophage infiltration, which may explain the improved post-MI survival rate. Of note, HET mice showed increased macrophage numbers in the infarcted area compared with WT mice at day 5 post-MI, which suggests a delayed resolution of inflammation in the HET mice. It is possible that reduced BDNF has an early beneficial effect to limit neutrophil infiltration; however, long-term BDNF deletion might contribute to an increase in the proinflammatory response. The overall effect is contextual, depending on the time and presence of specific cell types in the infarcted area.
Neovascularization is a hallmark response of the myocardium to MI (21) . BDNF plays dual proangiogenic roles, one through local activation of tropomyosin kinase B receptor expressed on endothelial cells and the other by recruitment of bone marrow-derived cells that contribute to neovascularization (21, 23, 24) . Increased VEGF-A in the post-MI WT mice likely impairs vascular integrity, and this increased vascular leakage facilitates infiltration of inflammatory cells that desta- bilize the granulation tissue during the reparative phase (10) . VEGF-A, in combination with BDNF, may provide a mechanism to stimulate endothelial cell survival. MMP-9 degrades extracellular matrix proteins to release bound growth factors, including VEGF-A (4). VEGF-A has been shown to stimulate neutrophils recruitment in response to an inflammatory stimulus (9) . The exogenous administration of MPO in HET mice increased plasma VEGF-A levels, without stimulating MMP-9 levels. Indeed, the HET control mice showed 40 -50% reduced LV vessel density compared with WT control, which lowers the availability of vessels for the leukocytes to extravasate (18) . Moreover, the reduced VEGF-A prevents adhesion of passing neutrophils and transmigration into infarcted area in the early post-MI inflammatory response (18) . VEGF-A stimulates neovessel formation within the first hours of MI and stimulates the development of neovessels in the infarct region that are hyperpermeable, proinflammatory, and devoid of a pericyte coat (16, 18, 27) . This indicates that reduced BDNF levels may attenuate the angiogenic response by reducing the VEGF-A activation. Therefore, it is likely that BDNF coordinates several aspects of the inflammatory and neovascularization processes in the post-MI setting. This investigation answers an obvious key question, namely, whether BDNF plays a beneficial or detrimental role in post-MI remodeling. Based on our substantial data on its roles in the inflammatory response, it appears that a reduction in active BDNF levels in the HET mice blunted the early inflammatory response. Simultaneously, VEGF-A levels were also decreased in the early post-MI setting. How a reduction in BDNF decreases vessel density in the post-MI setting to exert a beneficial role remains to be determined. The post-MI maturation of the vascular system may be within the infarcted area positively influenced by the reduced BDNF levels to improve LV function. Regardless of whether additional mechanisms occur, limiting BDNF levels to attenuate the post-MI inflammatory response may prove beneficial in the clinical setting. Although we noticed lower blood vessel density in HET mice, long-term effects of lower BDNF and further consequences on cellular and molecular events in the post-MI setting are areas of active research. Recent evidence from Okada and colleagues (37) elucidated a post-MI cardioprotective action of BDNF via afferent nerve stimulation increasing neuronal BDNF expression. Deletion of BDNF disrupted high-affinity tyrosine kinase B receptor signaling in the heart. In the post-MI setting, cardiac afferent nerve fibers transmit injury signals from the heart to the central nervous system, which lead to an increase in circulating BDNF. Thus BDNF increases factors that promote the survival of cardiomyocytes and stimulate angiogenesis to reduce cardiac remodeling in hearts examined at 14 days post-MI (37). Katare et al. (22) found a similar phenotype at 14 days post-MI in rats that had been intermittently fasted. Abe et al. (1) also showed a post-MI protective effect of nerve growth factors through sympathetic cardiac innervation. Our study extends these previous reports to examine the early inflammatory response in the setting of reduced BDNF. The prime difference between our results and past reports are that we observed a beneficial role of reducing BDNF levels at this early time point. An additional important difference is that we used 6-9-mo-old adult obese mice, whereas previous studies were performed in very young 3-to 4-mo-old mice (37) and rats (22) . Manni and colleagues (30) reported reduced levels of BDNF in acute coronary syndrome patients (n ϭ 31), however, these results did not differentiate between pro and active BDNF forms because of the technological limitation of the ELISA assay and the age of the patients was not disclosed. Both forms of BDNF are essential for neuronal survival, differentiation, and proliferation to maintain homeostasis. Only the mature active BDNF is associated with major depressive disorder. In our study, we measured decreased levels of pro-BDNF and increased levels of active BDNF. In a recent study conducted at the National Institute of Aging, Golden and colleagues (20) showed that elevated circulating BDNF levels in middle-aged and elderly adults (mean age of 70 yr; n ϭ 496) increase the risk of high blood pressure and cardiometabolic dysfunction (20) . Therefore, additional research to determine BDNF activity levels in the post-MI setting is warranted.
In summary, the present investigation demonstrated that reduced BDNF levels improve post-MI survival and attenuate LV remodeling by altering the kinetics of leukocyte infiltration as well as the angiogenic response. The beneficial effects of reduced BDNF were partially reversed by MPO infusion. These results suggest that therapeutic options that lower BDNF or MPO levels in the early inflammatory phase may be beneficial for the post-MI patient.
